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Ferritic Oxides Dispersion Strengthened (ODS) steels are of great interest for nuclear fission and fusion
power plants. The nano-oxides embedded into the matrix provide the main contribution to the ODS steel
strength. Understanding of the precipitation mechanism of ODS steels is thus critical for optimizing the
fabrication process, involving Mechanical Alloying (MA) of Fe-14Cr, Y,03 and TiH, powders. In this study,
results from small-angle X-ray and neutron scattering, atom probe tomography and electron microscopy
have been combined to investigate the nano-oxides evolution throughout the whole consolidation ther-
mal treatment until 1100°C. After MA clusters are observed, composed of Y, O and Ti. During heating
these clusters grow and new ones nucleate, together with a sequential enrichment in Ti (from as-MA to
700°C) and Y (between 900 and 1100°C). A small quantity of Al is also found in the nano-oxides be-
tween 700 and 1100°C. At 1100°C the nano-oxides are found to be mainly Y,Ti,0; and subsequently
progressively transform to Y,TiOs during isothermal holding. Nano-oxides display however an unchanged
extremely low coarsening rate, demonstrating the outstanding stability of both Y,Ti,O; and Y,TiOs at

1100°C.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Ferritic Oxide Dispersion Strengthened (ODS) steels are one
of the best candidates to be used as fuel cladding materials in
Sodium-cooled Fast Reactors (SFR) of Generation IV nuclear power
plants [1]. Moreover, ODS steels are also studied as potential struc-
tural materials of future nuclear fusion power plants [2]. Ferritic
ODS steels for SFR applications are generally composed of a Fe-Cr-
W matrix, containing a homogeneous dispersion of a high number
density of nanometer-size Y-Ti-O precipitates. The body centered
cubic (BCC) structure of the ferritic matrix exhibits high resistance

Abbreviations: ODS, Oxides Dispersion Strengthened; MA, Mechanical Alloying;
SFR, Sodium-cooled Fast Reactors; GBs, Grain Boundaries; APT, Atom Probe To-
mography; SAS, Small Angle Scattering; SAXS, Small Angle X-Ray Scattering; SANS,
Small Angle Neutron Scattering; HE, Hot Extrusion; HIP, Hot Isostatic Pressing; TEM,
Transmission Electron Microscopy; PCF, Pair Correlation Function; RDF, Radial Dis-
tribution Function.

* Corresponding author at: Brinellvdgen 23, 11428 Stockholm, Sweden.
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to swelling under neutron irradiation [3,4], and its high Cr com-
position (>14 wt%) leads to good corrosion resistance, particularly
important for the fuel reprocessing stage at the SFR fuel cladding
end-of-life [4-6].

The nano-oxide particles act as strong pinning points for both
dislocations and grain boundaries (GBs) until a temperature as
high as 1200 - 1300°C (around 70% of the melting temperature),
due to their outstanding thermodynamic stability and sluggish
coarsening at high temperature [7,8]. These properties lead to a
great increase of thermal creep resistance [2,9-11] as well as yield
strength [2,4,12]. Moreover, the nano-oxides - matrix interfaces ef-
ficiently trap He bubbles created from transmutations occurring
under neutron irradiation, mitigating the irradiation-induced dam-
age [13,14].

Nano-oxides are embedded in the matrix by means of powder
metallurgy. During the process, a Fe-Cr atomized powder is milled
together with a Y503 oxide powder by Mechanical Alloying (MA).
Ti can be provided by an addition of a Ti-containing powder dur-
ing MA (such as pure Ti or TiH,) or as a pre-alloyed element of
the Fe-Cr powder. During milling, the powder is subjected to se-
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vere plastic deformation, breakage and cold welding resulting in
a high density of structural defects [15,16]. After optimization of
the milling parameters, a homogeneous redistribution of Y, Ti and
O among the ferritic matrix is generally found at the micrometer
scale (no more Y- or Ti- rich large particles) [17-19]. The presence
of amorphous particles is however sometimes observed [20], es-
pecially in model ODS alloys with a very high Y,035 amount (10
to 25 wt%) [19,21,22]. Both Dai et al. (15 wt% Y,05 addition) and
Toualbi et al. (10 wt% Y505 addition) reported that the lattice pa-
rameter of the Fe-Cr matrix is only slightly higher after MA, and
suggests that it should be due to Y,03 oxides fragmentation up to
very small particles, possibly amorphous, rather than a complete
dissolution into the matrix [21,22].

At the nano-scale, several studies report the presence of in-
homogeneity, whose distribution can only be resolved by Atom
Probe Tomography (APT) or Small-Angle Scattering (SAS) measure-
ments. In 2009, Kim et al. identified by Small Angle X-ray Scat-
tering (SAXS) the presence of small particles in the as-MA pow-
der of a Fe-9Cr ODS steel strengthened Y-Ti-O nano-oxides [23].
Oono et al. detected clustering of Y by APT measurements that
seemed somewhat correlated to O on two Fe-15Cr ODS strength-
ened by Y-Ti-O and Y-O [24]. Alinger et al. identified small inho-
mogeneities by Small-Angle Neutron Scattering (SANS) at the as-
MA stage thanks to the comparison of the scattering patterns of
strengthened and non-strengthened powders [17]. Williams et al.
reported the presence of clusters containing Y, Ti, O and Cr at the
as-MA stage, visible by APT analysis on two Fe-14Cr ODS contain-
ing Ti and strengthened by an addition of Y,03 or Fe,Y [25,26].
Nevertheless, the matrix composition at the As-MA stage show
that some Y, Ti and O are also dissolved in the Fe matrix [25].

Several ab-initio studies have been performed in order to in-
vestigate the stability of the constitutive elements of the nano-
oxides (especially Y) into a ferritic matrix, as an attempt to explain
the first stages of the nano-oxides formation. Among those stud-
ies, most agree on the possibility to form Y-vacancy and O-vacancy
pairs in a BCC Fe matrix containing a high density of vacancies in-
troduced by MA [27-32]. In particular, the Y-vacancy pair seems to
greatly stabilize Y in the Fe matrix by lowering the compression
field induced by the presence of Y at the interstitial position of the
BCC lattice [29].

The O-vacancy pairs have attractive interaction with Y and Ti
atoms [28,32]. Miller et al. found that the presence of Ti at in-
terstitial position of the Fe lattice can also increase the stability
of a neighbor O-vacancy pair [31]. Fu et al. found that the Y-O
interaction is repulsive without vacancy [28], whereas Claisse et
al. found it attractive (as well as the Ti-O interaction) [33]. In any
case, the common attraction of Y(-vacancy) and Ti for O(-vacancy)
could lead to their aggregation [28,33].

After MA, the powder is placed into a low carbon steel can,
outgassed, and consolidated at a temperature around 1100 °C, gen-
erally by Hot Extrusion (HE) or Hot Isostatic Pressing (HIP). The
nano-oxides precipitate during the increase of temperature, lead-
ing to a typical diameter of 2 to 3 nm and a high number density
(1023 - 1024 m~3) at the end of the process [8,17].

To date, there is still debate about the stoichiometry and struc-
ture of the nano-oxides after consolidation. The most commonly
reported phase is the Y,Ti,O; pyrochlore, identified by Transmis-
sion Electron Microscopy (TEM) [8,34-38], by APT with chemi-
cal composition identification [39-41], by contrast-comparison of
SAXS and SANS measurements [42], and by XRD analysis [23,24].
Hirata et al. also reported the Y,Ti,O; stoichiometry with a de-
fective NaCl structure identified by TEM [43]. Several studies also
identified Y,TiO5 orthorhombic nano-oxides by APT and TEM [36-
38,44,45], as well as XRD identification [23]. Unifantowicz et al.
also reported the identification of YTiO3 orthorhombic structure
by TEM crystallographic analysis [46]. Finally, Y,03 has been re-
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ported, even in Ti containing ODS steels, with a BCC structure
[24,35,37], and with a monoclinic structure [24]. These last pre-
cipitates are observed to be larger than the Y-Ti-O nano-oxides,
and are known to exhibit faster coarsening [17,24,47]. The different
possible phases of Y-O(-Ti) nano-oxides are summarized in Tab. 1.

Sakasegawa et al. proposed in 2009 a correlation between the
size of nano-oxides and their nature, in a MA957 ODS steel (Fe-
14Cr) [53]. The smallest precipitates (2 to 15 nm in diameter) were
identified as non-stoichiometric Y-Ti-O, Y,Ti,O; stoichiometry was
determined for 15 to 35 nm, whereas bigger ones correspond to
Ti-oxides. Miller et al. reported similar results in a 14YWT alloy
with Y,Ti;0; and Y,TiOs identifications for 5 to 10 nm precipi-
tates and non-stoichiometric Y-Ti-O for 1 to 4 nm precipitates [44].
Nevertheless, recent studies tend to demonstrate that very small
nano-oxides of diameter 2 nm or even less, already have Y,Ti,0;
or Y,TiOs stoichiometry [36,45].

The chemical analysis of very small nano-oxides is generally
performed by APT due to its ability to resolve the chemical el-
ements at very small scale. It often reveals composition ratio of
Y/Ti between ~0.1 and ~0.6 which is too low to correspond to
any known phases [17,25,39,46,54]. However, APT suffers artefacts
which could affect these ratios (ions trajectory overlaps, inter-
face smearing, local magnification, atoms diffusion during evap-
oration...). Thus, even if artefact corrections have been proposed
[41,79] the actual Y/Ti ratio of nano-oxides is still unclear, espe-
cially at early stages.

The experimental data on the evolution of the nano-oxides from
the as-MA stage up to the annealing temperature of the nano-
oxides are sparse due to the observation difficulties. The initial
stage before heating, namely the as-MA material, is highly out-of-
equilibrium, has a high density of crystal defects and is in powder
form, which makes visualization of nanometer-size precipitates ex-
tremely challenging.

Oono et al. performed several 4 h isothermal heat treatments
at different temperatures and observed the formation of Y,Ti,0;
pyrochlore between 950°C - 4 h and 1000°C - 4 h [24]. Kim et
al. performed 4 h isothermal heat treatments at different temper-
atures and several holding times at 1150°C [23]. They observed
the first formation of Y,Ti,O; with a pyrochlore structure between
800°C - 4 h and 960°C - 4 h. Then, during isothermal anneal-
ing at 1150 °C the Y,TiOs orthorhombic structure was identified by
XRD, starting from 4 h of holding, and displaying an increasing
XRD peak intensity with holding time, suggesting an increase of
volume fraction. However, their studied Fe-9Cr ODS steel exhibits a
phase transformation of the matrix around 900 °C from BCC to face
centered cubic (FCC), which could influence the nano-oxides pre-
cipitation mechanism [55,56]. Zhang et al. performed MA and sub-
sequent thermal treatment directly on Ti and Y,03 powders [57].
Their study shows the formation of Y,Ti,O; between 500°C and
1000 °C with a maximum formation rate at 779 °C.

At the early stages of the thermal treatment, Alinger et al. ob-
served an unreasonably high apparent volume fraction by SANS af-
ter 3h at 850°C that decreased to more realistic levels after 3h
at 1150°C [17]. He et al. observed by SANS the same decrease
of the apparent volume fraction of nano-oxides thanks to in-situ
SANS measurements during isothermal holding at various tempera-
tures [58]. Deschamps et al. performed SAXS in-situ measurements
with a better time resolution during a heating ramp from as-MA
to 800°C and 900°C followed by an isothermal annealing, more
representative of the classical fabrication process [59]. The SAXS
integrated intensity (from which apparent volume fraction can be
calculated) of this study displayed an initial increase followed by
a decrease before a stabilization after reaching the 900°C plateau.
The same behavior was more clearly identified in our previous pa-
per, which allowed to monitor the precipitation kinetics of Fe-14Cr
ODS nano-oxides up to 1100°C in-situ with an excellent time res-
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Table 1

Possible phases from the Y-O(-Ti) system taken into account in the present study.
Stoichiometry  Structure Space Group  a (A) b (A) c (A) Ref.
Y, Ti, 07 Pyrochlore Fd-3m 10.089 10.089 10.089  [48]
Y, TiOs Orthorhombic Pnma 10.330 3.699 11.180 [49]
YTi, 06" Orthorhombic Pmnb 7.412 10.810  5.126 [50]
YTiO3 Orthorhombic ~ Pbnm 5.690 7.613 5.338 [51]
Y,03 BCC la-3 10.596 10.596 10.596  [52]
Y,03 Monoclinic C12/m1 13.504 347 8.46 [52]

* Phase not experimentally identified in an ODS steel.

olution, but was not fully understood at the time [60]. The ap-
parent volume fraction measured by SAXS or SANS is the product
between the actual volume fraction and the contrast in scattering
length density [61]. Therefore, the systematic decrease of the ap-
parent volume fraction of SAS could indicate a significant change
in chemical composition and/or structure of the nano-oxides dur-
ing annealing, since their thermodynamic stability warrants that
no dissolution should occur in this temperature range.

The present article aims at exploring the chemical and struc-
tural changes occurring during the ODS consolidation thermal
treatment, from as-MA stage and up to 1100°C and subsequent
isothermal holding, using the complementarity of specific analyt-
ical techniques. In order to deconvolute the effects of chemistry,
structure and volume fraction on small angle scattering signal, con-
trast variation methods will be carried out, namely combining on
the same samples anomalous SAXS at the Y and Ti edges, which
will allow to probe the presence of Y and Ti in the forming pre-
cipitates, as well as nuclear SANS. For the specific case of ASAXS
at the Y edge, in-situ SAXS will additionally allow to follow the
evolution of the presence of Y continuously during the heat treat-
ment. These results will be supplemented by atom probe tomogra-
phy, which will provide a reliable direct measurement of the num-
ber density of the nano-oxides and of the remaining solid solution
in the matrix.

2. Materials and methods
2.1. Materials processing

In the present study, all ODS specimens were prepared by
Mechanical Alloying (MA) of a Fe-14Cr-1W-0.3Mn-0.3Si-0.15Ni (in
wt%) powder, with an addition of 0.3 wt% of Y,03 and 0.3 wt%
of TiO, powders by attrition milling. A milling duration of 10 h
at the rotational speed of 440 rpm under high-purity argon at-
mosphere (99.9999%Ar) with a ratio of steel balls-over-powder of
approximately 0.067 in weight (with steel balls being 440c steel)
was applied. All milling was performed at the LTMEx laboratory of
CEA research center. Subsequently to MA, the milled powders were
densified by three different consolidation processes:

- Cold Pressing (CP), where the powder is placed in a commercial
low-carbon steel cladding (ARMCO) and experienced a uniaxial
pressure of around 3 GPa in order to achieve cylindrical spec-
imens of ~ 4 mm in diameter. This process makes it possible
to obtain ~80% densified specimen representative of the as-MA
powder. These samples can then be heat treated during in-situ
SAXS measurements or for ex-situ characterization at different
stages of the heat treatment up to 1100 °C.

Hot Extrusion (HE), where the powder is placed into a low car-
bon steel can and outgassed for 4 to 8 hours at a temperature
ranging between 400 to 500°C until a vacuum of 10~6 mbar
is achieved. The can is then sealed and put into a furnace at
1100°C, inducing a heating ramp of the powder at approxi-
mately 40°C/min followed by an isothermal holding of ~1 h.
Then, the can at 1100°C is hot extruded under a load of 575

tons (for a can diameter of 75 mm) with a downstream mo-
tion of 25 mm/s with a section reduction around 12, and fi-
nally air-cooled at Room Temperature (RT). Afterwards, the ma-
terial undergo an additional thermal treatment of 1 h at 1050 °C
(subsequently air-cooled to RT) to release the internal stresses
induced by HE.

Hot Isostatic Pressing (HIP), where the steel can, after an out-
gassing process similar than that of the HE specimens, is put
into a chamber with a rising temperature (at 4°C/min) and
pressure up to 1100°C and 1.9x108 Pa followed by 2 hours of
isothermal annealing and cooling at 4°C/min.

For the elaboration of all the specimens, the same powder
chemical composition and milling parameters were used. However,
the powder for HE samples comes from a different milling batch
than that of the CP and HIP samples.

At the end of the elaboration, a content ranging between 100 to
500 ppm of C, 100 to 700 ppm of N and 100 to 500 ppm of Al was
systematically detected in the materials. The presence of these el-
ements may result from impurities in the Fe-Cr atomized powder,
from impurities introduced by the milling and from impurities in-
troduced by the consolidation at 1100 °C (if applied) [62]. The mea-
sured chemical compositions are given for all alloys in Table 2.

2.2. Small Angle X-ray Scattering

Small Angle X-ray Scattering (SAXS) experiments were both
performed in-situ during a thermal treatment and ex-situ on the
CP material. The HE and HIP specimens were observed ex-situ af-
ter the consolidation process.

In-situ measurements were performed at the European Syn-
chrotron Radiation Facility (ESRF) synchrotron at the D2AM-BMO02
beamline. Samples of the CP material in the as-MA state were me-
chanically thinned to ~60 pm to achieve a suitable X-ray transmis-
sion at the used incident beam energy chosen just below the Y ab-
sorption K-edge (17.0384 keV). They were inserted in the custom-
built in-situ furnace between two resistive heating parts drilled at
the center to allow the X-rays to pass through. Temperature moni-
toring was ensured thanks to two thermocouples on both sides of
the specimen, located as close as possible to the X-ray beam. The
whole furnace was then put into a vacuum chamber. The detec-
tor to sample distance was set to 0.4 m and the SAXS scattering
patterns were acquired on a 2D photon counting XPAD D5 hybrid
pixel detector with a counting time of 10 sec. In order to analyze
the anomalous effect linked to Y during the in-situ measurements,
we used 2 incident energies, 16.829 keV and 17.009 keV corre-
sponding to ~210 eV and ~30 eV below the Y absorption edge
with an energy resolution of % =2 x 104, The acquisition cycle
included 5 image acquisitions followed by 1 transmission acquisi-
tion, at each energy, resulting in an energy switch every 60 s. The
transmission was measured thanks to the acquisition of the scat-
tering from a retractable kapton window which was removed for
image acquisitions of the sample. Ex-situ measurements were also
performed on several samples of CP, HE and HIP materials. These
measurements were realized at 6 different energies: 16.829 keV,
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Table 2

Measured chemical composition (in weight %) of the investigated specimens with the corresponding characterization techniques used.
Sample name Cr w Ti (o] C N Al
CcP 13.9 2 1132 0.27 3 0.16 3 0.15 4 0.031'! 0.032 4 0.030 2
HE 14.2 2 0.95 ? 0.26 ° 0.18 ° 0.078 * 0.045 ! 0.071 4 0.046 2
HIP 14.5 2 0.93 2 0.22°3 0.19 3 0.081 4 0.028 ! 0.039 4 0.049 ?

1 combustion infrared absorption

2 optical emission spectrometry

3 plasma emission spectrometry

4 reducing melting thermal conductivity

16.929 keV, 16.979 keV, 16.999 keV, 17.009 keV and 17.019 keV cor-
responding to ~210eV, ~110 eV, ~60 eV, ~40 eV, ~30 eV and ~20
eV below the Y K-edge respectively, in order to obtain a higher
precision on the measurement of the anomalous effect.

Complementary anomalous SAXS measurements at the Ti K-
edge (4.9664 keV) were performed at the Swiss Light Source (SLS)
of the Paul Scherrer Institute (PSI) at the cSAXS beamline. For these
experiments, the CP specimens followed interrupted or complete
thermal treatment prior to the measurements and were measured
ex-situ. Scattering patterns were acquired on two different 2D de-
tectors, gathering the scattered X-ray at small (Pilatus 2M) and
wide angles (off optical axis, Pilatus 300kw) with a detector to
sample distance of respectively 2 m and 0.6 m. The measurement
counting time was set to 10 sec and 15 frames were acquired and
averaged at each of the 6 energies used: 4.766 keV, 4.866 keV,
4,916 keV, 4.936 keV, 4.946 keV, 4.956 keV corresponding to ~200
eV, ~100 eV, 50 eV, ~30 eV, ~20 eV, 10 eV below the Ti K-edge
respectively with an energy resolution of % <2x 1074 Due to
experimental difficulties, some samples were only measured at 5
energies. The sample thickness was set to ~20 pm by mechanical
grinding or electrochemical polishing.

Laboratory SAXS measurements were performed using a Mo ro-
tating anode X-ray source (19.447 keV). SAXS patterns were ac-
quired on a Pilatus2 300k 2D detector with a specimen to detector
distance of ~0.8 m. Measurements counting time was 200 s for
each of the 5 averaged frames used per measurement.

For every SAXS measurement, the 2D scattering data was az-
imuthally integrated, background subtracted, and normalized for
solid angle, specimen thickness, transmission and incident beam
flux. SAXS intensity was then reduced to absolute unit thanks to
a glassy carbon secondary standard. SAXS experimental measure-
ments were then fitted to a simulated model of a lognormal distri-
bution of spheres with a dispersion fixed to 20% [63]. This model
can be expressed as followed:

I(q) =Aq7" +1Ippe(q) +K (1)

The first term represents the background scattering at small scat-
tering vectors. This contribution arises from the combination of
Porod scattering of coarse precipitates (carbides, nitrides ...) or
porosities inducing a signal proportional to g—#, and from a high
density of dislocation, inducing a signal proportional to g=—3. As
the thermal treatment evolves, starting from the highly deformed
as-MA initial stage, the intensity of these two contributions is ex-
pected to vary significantly. Therefore, a A.q~" contribution with n
ranging between 3 and 4 was chosen. The model also considers a
constant contribution (K), predominant at high q values, which re-
sults from the Laue scattering of the disordered solid solution and
from other sources of incoherent scattering (e.g. fluorescence).

Ippe (@) is the intensity arising from a lognormal distribution of
spherical precipitates (with a small volume fraction f, « 1) which
can be expressed as:

+o00 )
Ippe (@) = ff(r) Apt (g;—;ﬁ) F(r, q)? dr @)

r=0

With f(r) the density of probability of a lognormal distribution of
sphere with a mean radius Ry, and a dispersion of 20%, Ap,- the
electronic contrast between the matrix and the precipitates and
F(r, q) the Rayleigh form factor of a sphere.

In summary, 5 parameters of the model were fitted to match
with the experimental data:

- R the mean radius of the precipitates.

- Apez, x fy the square of the electronic contrast times the vol-
ume fraction of the precipitates

- A the intensity of the Porod contribution.

n the power of the Porod contribution, varying between 3 and

4

K the constant Laue scattering.

Anomalous SAXS measurements aims at probing the presence
of an element in the precipitates and | or in the matrix. They
consist in performing measurements at different incident energies
nearby the absorption edge of the element to probe. At least two
energies must be probed, one far and one close to the absorption
edge. If the concentration of the probed element is different in
the precipitates and in the matrix, the intensity of the precipitate
contribution of the scattered intensity (i.e. Ipp(q)) will be energy-
dependent. In the present case, two elements were probed: Y and
Ti. These elements are in low concentration in the matrix with a
nominal composition of 0.24 wt% for Y and 0.29 wt% for Ti. Thus,
in the following we will neglect the variation of the matrix com-
positions and only consider the composition of Y and Ti in the pre-
cipitates.

To discriminate between the different possible phases, we have
used the method developed by Dumont et al, i.e. calculated the
experimental “anomalous factor” named ¢' and ¢! for the mea-
surements performed at the Y K-edge and at the Ti K-edge respec-
tively [64]. As demonstrated in details by Dumont et al. the square
root of Apez, x fy (retrieved by model fitting) obeys by a linear
relationship to the scattering factor of the probed element, noted
fv(E) for the element k (Y or Ti), and taken with an incidence an-
gle of zero in the case of SAXS measurements [64].

VAPZ(E) x fi
_ f Z ( Xi.ppt _ le)f—f— <Xk_pp[ _
! Vam )

V \%
ik at,ppt at,ppt

X
V"jn) fi(E)

(3)
Here, i represent all the elements (apart from the element k)
present in the alloy with an absorption edge far away from E.
Vet ppe and X; ppt are the mean atomic volume and the atom frac-
tion of atom i in the precipitates, and similarly for Vg, and X;
in the matrix. These two values can be retrieved from the linear

regression of /Apez, (E) x fy in function of f,(}), allowing to cal-

culate the experimental anomalous factor, defined as:
Xi ppt Xim 3
Ziik (Vat.pp[ - Vat.m )fl

Xk.pp[ _ Xk,m
Vat, ppt Vat,m

k

(4)
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This experimental anomalous factor can then be compared to the-
oretical values calculated from the composition and atomic vol-
ume of the matrix and the different precipitates phases given in
Tab. 1. An error bar has been estimated for the theoretical anoma-
lous factors to take into account the cell parameters uncertainties
and their evolution with the temperature (for the matrix and the
precipitates) during in-situ measurements.

As the determination of the experimental factors are based on
linear regression, increasing the number of measured energies in-
creases its precision. Ex-situ samples have therefore been mea-
sured at 6 energies. For the ex-situ measurements, the R? value
of the linear regression was always higher than 0.95, and mostly
higher than 0.98. In-situ measurements were performed at only
2 energies to keep a satisfactory time resolution, with a cost in
uncertainty which is partly mitigated by the fact that we have a
continuous estimation of the anomalous factor. To compare the in-
tensity at the two levels of energy for the same ageing time, an
n-spline interpolation has been performed.

2.3. Small Angle Neutron Scattering

SANS measurements have been performed on the PAXY beam-
line of the ORPHEE nuclear reactor at the CEA Saclay. Measure-
ments were performed on CP specimens that followed several in-
terrupted thermal treatments (also measured by SAXS). Scattering
patterns were acquired on a 2D detector with a specimen to de-
tector distance of ~2 m and at a wavelength of 6 A. The sample
thickness was measured prior to the experiment and was for all
samples around 1 mm. For the experiments, the measured spec-
imens were subjected to a strong magnetic field (~1.6 T) in the
horizontal direction. This field allowed to deconvolute the mag-
netic Ijmqg and nuclear Iy, intensities by a least square fitting of the
Inag + sin? (a)Inye dependence, with o the angle from the applied
magnetic field, as shown in previous SANS studies on ODS steels
[17,65,66]. Imag and Inyc respectively arises from the magnetic and
nuclear contrast between the matrix and the precipitates. In ODS
steels the Y-Ti-O nano-oxides are generally considered as magnetic
hole [17,65]. In the present study, probably because of the presence
of non-stabilized clusters in low annealing conditions and because
of the extremely small size of the nano-oxides in more advanced
annealing conditions, the magnetic hole hypothesis has been con-
sidered as not reliable enough for chemical and structural exami-
nation of the nano-oxides. Therefore only the nuclear contribution
was taken into account, likewise with the work of Ohnuma et al.
who compared the SAXS and SANS nuclear contrast to extract in-
formation of the nano-oxides nature in a fully consolidated ODS
steel [42].

Similarly to SAXS experiments, SANS scattering pattern were
background subtracted and normalized by solid angle, sample
thickness and transmission as well as incident beam intensity. The
intensity was reduced to absolute unit thanks to the scattering of
a Plexiglas secondary standard. The experimental data (I;,c) were
then fitted using the following model:

e (@) =A.q" + Ippe (@) + Kine (5)

With Kj,. a constant arising mainly from the incoherent scatter-
ing of the matrix and Ipp(q) the intensity coming from the pre-
cipitates, and can be expressed similarly to the Eq. 6 by replac-
ing the electronic contrast Apez_ by the neutron nuclear contrast
Ap2,. between the matrix and the precipitates. The values of this
nuclear contrast are calculated from the values of scattering length
of each elements available in the ILL Neutron Data Booklet [67].
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2.4. Transmission and Scanning Electron Microscopy

Nano-oxides size measurements were performed from TEM im-
ages analysis acquired on a JEOL 3010 operating at 300 kV thanks
to Image]/Fiji Weka Trainable Segmentation algorithm [68] and
post-treatment using Matlab. TEM orientation mapping and Energy
Dispersive Spectrometry (EDS) images were performed on a JEOL
2100F microscope operating at 200 kV in Scanning mode (STEM).
For all the TEM observations, samples were electro-polished thanks
to a solution of 10% perchloric acid and 90% of ethanol at -10°C
thanks to a Struers Tenupol thinning device.

2.5. Atom Probe Tomography

Specimens were prepared by a FEI Dual Beam Hélios nanolab
650 Focused Ion Beam (FIB) using a lift-out technique at the as-
MA stage (2 samples probed) and after interrupted thermal treat-
ments at various temperatures (1 sample per thermal treatment).
Extracted specimens were then needle-shaped by FIB to be suitable
for APT experiment. APT measurements have been performed on
a LEAP 4000X HR instrument equipped with a reflectron in laser
mode. The specimen’s temperature was set to 60 K with laser en-
ergy of 60 p] and a frequency varying between 125 kHz and 200
kHz depending on the continuous electric field evolution. 3D re-
constructions were performed with IVAS 3.6.14 commercial soft-
ware.

The DIAM algorithm (distribution of isolated atoms for the de-
termination of the matrix composition) was used to extract the
matrix composition of each APT volume following the method de-
scribed by De Geuser and Lefebvre [G9]. For this analysis, the first
nearest neighbor distances (1NN) were calculated using IVAS soft-
ware and further calculations were performed using Matlab. To en-
sure that the region surrounding grain boundaries do not influence
the results, these were removed from each of the APT volumes.
The DIAM method aims at extracting the composition of the matrix
(without precipitates) from an APT reconstruction through the cal-
culation of the probability to find an isolated atom (P,,) in a virtual
sphere of radius r. For a dilute element in solid solution this proba-
bility follows a Poisson law and Py, (r) = e " withn = f%nr3 x 0o
the average number of atoms in a sphere of radius r, with a bulk
atom density pq. If the APT volume contains precipitates, this prob-
ability will be modified as such:

Py (r) = x e~ PepPolt | (1-x) e~ Pmlpon (6)

With pppr and pp, the atom density of the precipitates and the ma-
trix respectively and x the fraction of atoms that belongs to the
precipitates. A linear regression of In(Ps,(r)) at high n values -
where the matrix contribution is predominant - can then allow
to retrieve pp.

The number density of clusters was extracted by the maxi-
mum separation method using the IVAS software. For this method,
the maximum separation distance (dmgx) was set for each volume
based on the experimental and randomized 1NN of (Y, YO), in
order to identify a maximum of clusters and minimize the false
positive cluster identification, following the method described by
Dhara et al. [70]. The minimum amount of atoms to define a clus-
ter (Npin) Was set at different values ranging from 6 to 12 to cal-
culate error bars (standard deviation).

Pair Correlation Functions (PCF) were calculated from the Radial
Distribution Function (RDF) generated by IVAS, similarly to Zhao et
al. [71], and are expressed for a central atom i and neighbor atom
j in a virtual sphere of radius r as:

Yio i) = fu(1 = f)(Cope — Co) (Chpe — ) ¥° (1) (7)

Where q,pt and Ci, are the precipitates and matrix concentration
of the atom i respectively, and y°(r) the normalized PCF only re-
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Fig. 1. TEM image in bright field (a), with the corresponding TEM/EDS images
showing the Y (b), and Ti elemental maps (c) displaying homogeneous distribution
of Y and a local Ti enrichment, along with ASTAR orientation mapping showing a
highly deformed matrix (d, e) in two different areas of the CP-14Cr specimen.

lated to the size distribution of the spherical precipitates. The auto-
correlation functions y;_ ;(r) were then fitted to the experimental
data, using the same dispersion of the lognormal distribution than
SAS fitting (s = 0.2) in order to retrieve for each elements a mean
radius of precipitates as seen by APT and f,(1 — f,)(Ch,, — Ciy)? the
chemical contrast between the matrix and the precipitates corre-
lated to the volume fraction of precipitates. This approach allows a
straightforward comparison of SAS and APT data, as their result are
extracted from the same model, under the same assumptions (log-
normal distribution of spheres), transposed into the direct space.

3. Results

This section is divided in two parts focusing first on the char-
acterization of the microstructure of the initial as-MA stage and
secondly on the nano-oxides chemical composition and structural
evolution.

3.1. Microstructure characterization of the as-MA stage

Observations performed by TEM using EDS mapping and AS-
TAR orientation are shown in Fig. 1. These results display an ex-
tremely deformed microstructure with nano-sized grains clearly
visible in bright field and in orientation mapping (Fig. 1a, Fig. 1d
and Fig. 1e). The shape of the nano-grains varies from one area to
another, from equiaxed (Fig. 1d) to elongated (Fig. 1e). This shape
inhomogeneity is probably linked to variation of local deformation
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occurring during MA or subsequent cold pressing. The granular mi-
crostructure is similar to the observation of Sallez et al. on a grain
extracted from an as-MA powder [72]. The EDS mapping at high
magnification reveals small local enrichment in Ti (Fig. 1c). Due to
its very small size and the highly deformed matrix, it is difficult
to determine whether this Ti enrichment is linked to the presence
of a Ti-rich precipitates (such as Ti oxides or carbonitrides). No in-
homogeneities could be identified at this scale on the Y elemental
map (Fig. 1b).

3.2. Chemical and structural evolution of the nano-oxides

The chemical evolution of the nano-oxides has been investi-
gated using several characterization methods, involving X-ray and
neutron as well as atom probe tomography. These results will be
presented in 3 different subsections for clarity and will be then
carefully compared and correlated in the discussion part.

3.3. Small angle X-ray scattering

Our previous article focused on the description of the precip-
itation kinetics (evolution of mean radius comparing two heat-
ing rates) using in-situ SAXS is available in reference [60], the
present section will therefore only focus on the chemical evolu-
tion of the nano-oxides, especially using the anomalous scattering
analysis (previously not reported). The SAXS intensity curves for
the in-situ heat treatment and for interrupted thermal treatments
can be founded in ref. [60]. The results in terms of mean radius
(Rm) and A,oe?, x fy of the nano-oxides are displayed in Fig. 2a and
Fig. 2b respectively, for the heating rate of 10°C/min representa-
tive of the HIP process. On this plot, the heating ramp is described
with a temperature scale and the subsequent isothermal holding
at 1100°C with a time scale. This representation favors the com-
parison of this dataset with the one recorded at 30°C/min, repre-
sentative of the HE process, displayed in Fig. 3a and Fig. 3b. The
ex-situ measurements represented as stars (for Ryp) or triangles
(for Apez, x fy) were measured either before/after the in-situ heat
treatment or after an interrupted thermal treatment.

As previously reported [60], a scattering signal is detected in all
specimens at the as-MA stage. It corresponds to the presence of
chemical fluctuations that can be assimilated to very small clusters
as seen in Fig. 2a and Fig. 3a. These initial clusters start to grow
around 450°C and show a remarkable thermal stability at 1100 °C,
with a mean radius of ~1.3 nm (irrespectively of the heating rate).

On Fig. 2b and Fig. 3b, a difference can be noticed between the
Apez, x fy taken at the energy E; and at the energy E,. This gap,
present from the as-MA stage (also visible on the ex-situ measure-
ments) and all along the thermal treatment, indicates the presence
of Y inside the clusters | precipitates. Moreover, Apez, x fy at the
energy E, (close to the Y K-edge) is systematically higher as com-
pare to the energy E; (far from the Y K-edge). As the electronic
density of Y-rich precipitates drop when the energy come closer
to the Y K-edge, an increase of the electronic contrast (difference
between the electronic density of the precipitates and the matrix
in absolute value) implies a lower electronic density of the pre-
cipitates as compared to the surrounding matrix (Fe-14Cr BCC), all
along the heat treatment.

The overall evolutions of the curves shown in Fig. 2b and Fig. 3b
is similar with an initial rise of the signal around 450 °C (concomi-
tant with the Ry, increase) and a subsequent decrease of the sig-
nal after 800 to 900°C. The first increase of A,og, x fy signal is
likely linked to an increase of the volume fraction of nano-oxides
due to the growth of the existing clusters and |/ or the nucleation
of new ones. The decrease in Apf, x fy however, cannot be due
to a decrease of the volume fraction, as the nano-oxides should
not dissolve at this temperature. Therefore, this decrease is more
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Fig. 2. Evolution of the mean radius (a), and Ap2 x f, (b), of the nano-oxides upon
a 10°C/min heating rate on the CP-14Cr and HIP-14Cr specimens extracted from
SAXS data.

likely linked to a change in the electronic contrast and therefore to
a change of chemistry and [ or structure of the nano-oxides dur-
ing heating. The mean radius of precipitates in the CP material at
the end of the thermal treatment (10 and 30°C/min) are similar to
that of the HIP and HE materials. The A,oez, x fy of the CP mate-
rial after 30 °C/min heating is close to the value on the HE sample,
however, the Apez, x fy of the CP material after 10°C/min heating
appears lower than the HIP sample.

Fig. 4 displays the SAXS scattering intensity curves acquired at
the Ti K-edge on several specimens that followed an interrupted or
complete thermal treatment with a heating rate of 30 °C/min. For
visibility purpose, the curves on the CP specimens (Fig. 4a) at sev-
eral temperatures were artificially shifted by a decade. The least-
square fitted curves are plotted as continuous lines.

The mean radius and Apez, x fy extracted from these SAXS pat-
terns are displayed in Fig. 5a and Fig. 5b along with in-situ data
from the experiments at the Y K-edge. A slight shift of around
0.1 nm is observed between the measurements made at the ESRF
and those made at the PSI synchrotron (Fig. 5a), even if mean
radii extracted from different SAXS experimental setup are gener-
ally known to have a good consistency [73]. This shift is probably
due to the influence of the texture of coarse precipitates causing

Fig. 3. Evolution of the mean radius (a), and Ap2 x f, (b), of the nano-oxides upon
a 30°C/min heating rate on the CP-14Cr and HE-14Cr specimens extracted from
SAXS data.

some signal anisotropy, which is visible on the PSI SAXS intensity
curves and not on the ESRF and laboratory SAXS intensity curves,
possibly because of experimental setup differences. Therefore, the
results given by ESRF and laboratory facilities should be considered
more accurate in terms of nano-oxides mean radius. Nevertheless,
this Ry, shift should not affect the quality of the anomalous SAXS
analysis at the Ti K-edge, which represents the most valuable data.
Once again, the mean radius of nano-oxides is found very consis-
tent between CP and HE specimens.

Unfortunately, no measurement could be achieved from the as-
MA stage until 700°C annealing due to the difficulty to prepare a
good quality 20 pm thick specimens from non-annealed CP sam-
ples. Nevertheless, the difference between the A,oez_ x fy taken at
different energies could be detected from the 700 °C stage and un-
til 1100°C - 1 h (Fig. 5b). The anomalous effect evidences the pres-
ence of Ti inside the precipitates from the lowest temperatures
probed (700°C) until the end of the thermal treatment. The global
evolution of the Apez_ x fy curves at the Ti K-edge is consistent
with the Ap2 x f, evolution at the Y K-edge (Fig. 2b and Fig. 3b),
showing first an increase and then a decrease of the signal, fol-
lowed by a moderate evolution.
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HE-14Cr specimen (b) and HIP-14Cr specimen (c), displayed at 4.766 keV along with the fitted model in continuous line.
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Fig. 6. Evolution of the anomalous factor at the Y K-edge acquired at the ESRF syn-
chrotron (a) and at the Ti K-edge acquire at the PSI synchrotron (b), on CP-14Cr,
HE-14Cr and HIP-14Cr specimens.

Fig. 6 plots the evolution of the ¢' and ¢T! anomalous factors
|64], measured at the Y K-edge in-situ and ex-situ (Fig. 6a) and at
the Ti K-edge, ex-situ only (Fig. 6b). These experimental data are
compared to theoretical values of the anomalous factor for each
precipitate displayed in colored dashed line and given in Tab. 3.

The evolution of the Y anomalous factor on the CP specimens
heated either at 10 °C/min or at 30°C/min appears to be very noisy
at the beginning of the thermal treatment until a temperature be-
tween 800 and 1000 °C where the signal stabilizes around a value
of -90 (Fig. 6a). This value could match with the phases Y,Ti, 07,
Y,TiOs or YTiO3 as their respective anomalous factor are too close
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Table 3
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Values of the mean atomic volume at RT for each considered phases along with the theoretical anoma-

lous factors for precipitates - matrix couples.

Phases Matrix ~ Y,03- BCC  Y,05- mono Y, Ti, 05 Y, TiOs YTiO3 YTi;0g
Vatm,ppt (A3)  11.70 14.90 13.71 11.69 13.36 11.55 11.41
P - -71.4 -64.7 -93.6 -88.4 -82.9 -137.2
PT - - - -68.0 -165.8 -58.2 -20.4

(@) Nuclear SANS

770000 R 7h

SANS nuclear intensity (a.u.)

100
q(hm™)

(b) SAXS

SAXS intensity (a.u.)

q(hm™)

Fig. 7. Scattering intensity curves of the SANS measurements of the nuclear contribution (a), with the corresponding SAXS measurements used for the simultaneous fitting

(a’), on CP specimens.

to be distinguished at the Y K-edge (regarding the residual noise
after stabilization). The ex-situ measurements of the HE and HIP
materials are in quite good agreement with the in-situ measure-
ments of the CP specimens, eve although the HIP anomalous factor
is slightly higher with a value close to -80.

For the measurements taken at the Ti K-edge, the theoretical
anomalous factors of Y,Ti, 07, Y,TiOs and YTiO; can be distin-
guished more clearly thanks their significantly different Ti atomic
fraction (Fig. 6b). Similarly to in-situ measurements, the anomalous
factors experience significant noise during the heating ramp, so
that it is difficult to know if ex-situ measurements are reliable be-
low ~1000°C. ¢™! values are observed to decrease after the begin-
ning of the isothermal annealing at 1100 °C, starting from a value
fully consistent with Y,Ti,O, first, then in between Y,Ti,O; and
Y,TiOs after 1 h of ageing, and finally more consistent with Y,TiOs
after 12 h of annealing (taking into account that the YTi,Og was
excluded by the ¢ analysis).

For the standard consolidation process, the HE anomalous factor
lies in between Y,Ti,0; and Y,TiOs, which is in good agreement
with the ¢Ti value on the CP material that followed a 30°C/min
heating and 1 h of isothermal holding at 1100 °C. The HIP value is
however, close to the theoretical ¢! value of Y,TiOs, similar to the
CP sample that followed a long annealing of 12 h at 1100 °C.

3.4. Small angle neutron scattering

The SANS and SAXS intensity curves acquired on the exact same
specimens (SAXS measurements were performed on the samples
measured by SANS) that followed interrupted thermal treatments
and heating at 30°C/min are displayed in Fig. 7. Experimental data
were extracted thanks to a simultaneous least square fitting of
both SANS (nuclear) and SAXS data, in order to share the same
nano-oxides mean radius and dispersion, with all the other pa-
rameters fitted independently. The maximum of scattering vector q
available for the SANS measurements was ~0.17 A~1, which is too

Table 4
Mean radius of precipitates in nm, fitted using both SANS and SAXS data, only
SAXS and only SANS.

Mean radius (nm)  500°C  700°C  900°C  1100°C  1100°C-1h
SAXS & SANS 0.72 0.88 1.12 1.24 1.29
SAXS only 0.66 0.88 1.12 1.23 1.27
SANS only 0.72 0.92 1.25 1.37 1.27

low to distinguish the incoherent scattering present in the nuclear
contribution of SANS intensity curves. The constant contribution of
the model was then set to 0. This assumption will induce a slight
overestimation of the fitted ApZ,. x fy.

From the Fig. 7, the mean radius of precipitates that minimize
both SAXS and SANS experimental patterns to the model have
been determined, and are very close to the mean radius values fit-
ting only SAXS and only SANS (nuclear). These data are presented
in Tab. 4

The Ap2, x fy evolution is displayed in Fig. 8. This evolution
appears strictly decreasing for the SANS measurements before its
stabilization between 900°C and 1100°C, whereas the SAXS mea-
surements display an initial increment before decreasing (Fig. 2a
and Fig. 3b). This change of behavior between SAXS and SANS
Ap? x f, evolution could be related to the chemistry of the nano-
oxides, from which SANS and SAXS contrast do not have the same
sensitivity.

The Ap?, x fy extracted from SANS can then be compared to
Ape- x fy extracted from SAXS. The ratio of these two values al-
lows to get rid of the volume fraction dependency and then to get
a ctzlemical and structural information of the nano-oxides. Indeed,

Ap‘{ can be calculated theoretically with the knowledge of A pnyc

nuc

and Ap,- for given matrix - precipitates couples, and compared to
the experimental value, in a same way than the anomalous SAXS
factor. An error bar has been calculated on the experimental ratios
to take into account uncertainties on the effective thickness of the
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Table 5
Theoretical contrast SAXS over SANS ratio values for the nuclear contrast.
Phases Y,05- BCC  Y,03- mono  Y;,Ti, 07 Y, TiOs YTiOs YTi;0¢
i‘; x10744 135 1.40 0.84 1.01 066  0.84
%1020 are also close to that of YTi,Og (Fig. 9). From 900°C to 1100°C -
10— ‘ | 1 h annealing stage, the contrast ratio seems to slightly decrease,
9 | which would indicate an increase of the Y,Ti,O; volume fraction
| at the expense of the Y,TiOs. However, this decreasing tendency
| | | is highly unsure taking into account the significant estimated error
8 and the absence of several measurements at each annealing stage.
7L ® | | Moreover, an increase of the relative density of the CP specimens
< | (i.e. decrease of the porosity) during annealing at 1100°C would
g 6l : | also result in such a decrease.
g 5l | | 3.5. Atom probe tomography results
X |
o S 4l | , Slices from the APT reconstructed volumes for different inter-
<ng | rupted thermal treatments are displayed in Fig. 10. On these re-
3l | J constructions, Y, Ti and O are represented (in yellow, red and blue
@ | respectively) with the single ions and all the associated molecu-
2L | J lar ions. Throughout annealing, APT reveals the depletion of Y, Ti
and O in solid solution leading to the formation of clearly defined
1t ® o 0 nano-oxides with a high contrast either with the Y, Ti or O ions at
| 1100°C and 1100°C - 1 h. At the as-MA stage, clusters containing
‘ ‘ ‘ ‘ ‘ | ‘ ‘ ‘ at least Y and O can be distinguished even if their contrast with
100 300 500 700 900 1100 20 40 60 the matrix is lower.
Temperature (°C) Holding time (min) GBs were also present in some APT tips, several could be ob-
Fig. 8. Evolution of the SANS Ap2,. x f, on CP-14Cr specimens. served in the aS_MA stage and few or m,me in the 900°C ar,ld
subsequent annealing stages (due to ongoing recovery and grain
growth). The amount of visible GBs was obviously too low to per-
1 5x10% ‘ form a reliable statistical analysis. However, it could be noted that
; ¥,0,-mono many of them were found enriched in W and Si, some in Ti and
1_3; B VO bee very few in C as displayed in supplementary material. These find-
\ 273 ings are in good agreement with Seol et al.’s work on the GBs seg-
‘ regation [74].
117 1 i The number density of clusters was extracted by counting
________________ Y TiO the clusters present in APT reconstructions (maximum separation
—~ 1.0F I..,T = z ° thod i
S ¢ . method). These values of number density were then compared to
E r— - Y the calculated number density of nano-oxides extracted from SAS
~ 0.8f ] 1 YTi,0f (SAXS and SANS) measurements, based on the hypothesis of a pre-
sl g 1 cipitate - matrix couple (Y,Ti,O; pyrochlore - BCC Fe-14Cr) on
I B 06 | . Fig. 11; calculated by the following formula:
$ } viTi0y _Bec _ Jot 27 7B
04t : } 1 N T inR, (8)
ool } | With NY2T207 = BCC the number density with the given precipitate
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Fig. 9. Evolution of the contrast ratios of SAXS over SANS nuclear on CP-14Cr spec-
imens.

specimens due to residual porosities after CP, calculated by taking
into account a relative density of 80% + 5%.

Py
Ap%uc

As for the anomalous factor, the experimental ratios are compared
with theoretical contrast ratios displayed in colored dashed lines
and given in Tab. 5. The contrast ratio starts at values matching
with none of the theoretical ratios until 900°C where it stabi-

lizes between the theoretical ratios of Y,TiOs and Y,Ti, 07, which

The evolution of this

contrast ratio is displayed in Fig. 9.

10

szTi207 — BCC — (9)
! A Y110, - Bec
Where (Ap? x fy)exp can stand for (ApZ x fy)exp extracted from
SAXS experiments or (Ap2, x fy)exp extracted from SANS experi-
ments (nuclear contrast).

Based on the hypothesis that the APT number density is re-
liable, any shift between APT and SAS number density reveals a
bias from the hypothesis made on the precipitate structure and
chemistry. At the beginning of the thermal treatment, a large dis-
crepancy of around one order of magnitude can be observed be-
tween APT and SAXS data. This gap is even bigger between the APT
and SANS number density at 500°C. The SAXS and SANS agree-
ment with APT improves from about 700°C onwards. At the end
of the heating ramp (1100°C), the APT, SAXS and SANS number
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Fig. 10. About 10 nm thick slices of APT 3D reconstructions of the CP-14Cr specimen at different stages of the thermal treatment, from as-MA to 1100°C - 1 h.
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lated from SAS data and measured from APT data, in CP-14Cr, HE-14Cr and HIP-14Cr
specimens.

densities are almost equal, which gives positive evidence for the
Y, Ti,0; pyrochlore assumption after roughly 1000 °C. It should be
noted, however, that the Y,TiOs orthorhombic structure has a sim-
ilar electronic density and can therefore not be ruled out by this
comparison.

In addition, the SAXS number density values of HE and HIP
materials are both very consistent with that of the CP specimens
(from SAS and APT) after a thermal treatment up to 1100°C - 1 h.

The evolution of chemical compositions analyzed from the APT
tips are displayed in Fig. 12 for the elements Y, Ti, O and Al As
0O quantification in APT is delicate, the absolute values of the O
composition should be considered carefully as they are probably
impacted by experimental bias. The error bars on the as-MA stage
were calculated (standard deviation) from the 2 specimens avail-

1

able at this stage and gives an estimate of the experimental uncer-
tainties on the compositions. All these graphs display two curves:
the first representing the bulk composition (where only the GBs
and surrounding affected volume were removed). The second (at
lower or equal composition value) represent the chemical compo-
sition of the matrix only, extracted using the DIAM method. This
leaves two distinct areas:

- the area between the bulk and the matrix composition repre-
sents the atoms inside the nano-oxides;

- the area below the DIAM matrix composition represents the
residual solid solution.

The curves representing the bulk composition (upper curves)
can be considered as constant for Y and O (Fig. 12a and Fig. 12c),
whereas the Ti and Al bulk composition vary (Fig. 12b and
Fig. 12d). The decrease of the Ti bulk composition can be explained
by the formation of coarse Ti-rich precipitates such as titanium ox-
ides or carbonitrides already observed in other studies in too low
number density to be comprised in the APT volumes [44,53,75,76].
Moreover, Ti segregation can occur over the thermal treatment as
Ti-enriched GBs were identified. The bulk composition of C (not
represented here) is also decreasing, which is consistent with the
precipitation of carbide phases (such as M53Cg).

The quantity of solute atoms in the nano-oxides (area between
the two curves) increases as expected throughout the thermal
treatment. The amount of Y in the nano-oxides increases markedly
around 1000°C whereas the amount of Ti increases earlier, be-
tween the as-MA stage and 700 °C. At the end of the thermal treat-
ment, the matrix solute content in all solutes is still substantial,
with 0.034 at% Y and 0.12 at% Ti. The behavior of Al is more com-
plex, with an as-MA stage where all the atoms are in solid solution,
then clustering from 700 °C until 1100 °C, before both bulk and ma-
trix compositions in Al come to almost 0 at 1100°C - 1 h (Fig. 12d).

The analysis of PCFs (shown in supplementary material) allows
to determine that Y, Ti and O are all present in the nano-oxides,
from the as-MA stage. Therefore, the presence of Ti in the initial
as-MA clusters, suspected thanks to the matrix and bulk composi-
tions presented previously, is confirmed. Moreover, the PCF asso-
ciated with Al demonstrates that the clustered Al atoms are con-
tained into the Y-Ti-O nano-oxides between 700°C and 1100 °C.
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Fig. 12. Evolution of the matrix composition extracted by the DIAM method on CP-14Cr specimens for Y (a), Ti (b), O (c), and Al (d).

The mean radius of clusters measured by APT, extracted from
the least square fit of the atoms auto-correlation of Y, Ti, O and Al
are displayed and compared to the SAXS mean radius in-situ mea-
surements in Fig. 13. A large discrepancy between APT and SAXS
measurements appears clearly, with an APT mean radius approxi-
mately 2 times bigger than that from SAXS, even if the two values
were extracted using the exact same lognormal distribution model.
This difference can be explained by the APT effective spatial res-
olution which significantly increases the detected radius for very
small precipitates [77].

4. Discussion

The experimental results presented previously reveal several
features on the formation and evolution of the nano-precipitation
in ferritic ODS steels:

(i) The presence of initial clusters at the as-MA stage, visible by
SAXS measurements with high statistical reliability (Fig. 2 and
Fig. 3) and by APT from direct observation of the reconstructed
volumes (Fig. 10) and without any ambiguity from the PCF be-
tween atoms.

12

(ii) The significant changes in the chemistry and / or structure of
the initial clusters becoming nano-oxides, highlighted by the
comparison between SAS and APT measurements (Fig. 11), but
also clearly visible with the contrast comparison between SAXS
and SANS (Fig. 9), and the APT matrix composition (Fig. 12).

(iii) The outstanding thermal stability of nano-oxides in terms of
size (Fig. 5) and number density (Fig. 11), along with a phase
transformation of the nano-oxides from Y,Ti,0; to Y,TiOs
highlighted by SAXS measurements at the Ti K-edge (Fig. 6b).

4.1. As-MA initial clusters

4.1.1. Formation mechanism

Thanks to anomalous SAXS measurements at the Y K-edge,
the presence of Y in the initial clusters has been demonstrated
(Fig. 6a). This result is confirmed by the APT measurements, as
the Y auto-correlation function clearly indicates the presence of Y-
rich clusters (see supplementary material), also reflected in the gap
between the matrix and bulk Y compositions of the APT volumes
(Fig. 12). Anomalous SAXS at the Y K-edge also demonstrated that
the electronic density of as-MA clusters is lower than that of the
matrix. Since Y has a higher atomic number than Fe, this obser-
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vation could imply the presence of an element lighter than Fe in
the clusters and / or a higher mean atomic volume for the clusters
compared to the matrix. The presence of O (correlated to Y) in the
clusters has been found thanks to the APT PCF, and can also be
seen directly in the APT reconstructions (Fig. 10). A higher mean
atomic volume of the as-MA clusters comparing to the matrix is
also expected if they contain a significant concentration of vacan-
cies, as predicted by ab-initio studies [27-30].

Ti has also been found in the as-MA clusters thanks to PCF from
the APT measurements. The amount of Ti in these clusters is how-
ever believed to be lower than that of Y. Indeed, the difference be-
tween the bulk and the matrix compositions is small at this stage
especially taking into account the error bars (Fig. 12), the signal
to noise ratio of the Ti auto-correlation is also visibly lower than
that of Y or O. Ab-initio studies tend to indicate that Y, Ti and O
co-cluster with the help of the vacancies induced by MA. As the Y
and O are introduced together (powder of Y,03), separately from
Ti (powder of TiH,), Ti needs to diffuse towards the Y- and O-rich
clusters, which can only happen by vacancy motion. This behavior
could lead to a lower Ti content in the as-MA clusters. However,
the presence of some Ti in the as-MA clusters demonstrates that
these do not result only from breaking of Y,05 particles.

4.1.2. Influence on the subsequent precipitation mechanism

The SAXS precipitates contribution seems to continuously
evolve from the small as-MA clusters to bigger nano-oxides (Fig. 2
and Fig. 3). This suggests that the final nano-oxides grow from the
as-MA clusters. This vision of a continuous transition is supported
by the intermediate APT analysis which shows a progressive trans-
formation from diffuse clustering to well defined objects. Yet, the
number density of precipitates identified by APT measurements in-
creases from the as-MA condition to the end of the thermal treat-
ment by a factor ~x3. This increase requires the formation of new
nuclei, principally between as-MA and 700 °C, where the number
density already rises by a factor ~x2.2. The nucleation would then
be completed before 900°C, as the increase between as-MA and
900°C is already ~x3.

Thus, the initial clusters introduced by the as-MA stage cer-
tainly play an important role in the spatial distribution and high
number density of the final nano-oxides. Moreover, in case supple-
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mentary nucleation happens, it is certainly facilitated by the nu-
merous point defects introduced by MA. MA should therefore not
be only considered as a necessary processing step to obtain a su-
persaturated solid solution, but as a requirement to obtain a fine
and homogeneous dispersion of nano-oxides after consolidation.

4.1.3. Chemical and structural evolution of the initial clusters to
nano-oxides

The comparison of the SAS number density of nano-oxides
with the APT number density (Fig. 11) clearly shows that before
~1000°C, the precipitates are neither stoichiometric Y,Ti,O; py-
rochlore nor Y,TiOs orthorhombic. Indeed, the difference between
the two values is around one order of magnitude, which cannot
be attributed to APT detection issues. Even if cluster identification
based on maximum distance separation methods is operator de-
pendent, which could introduce fluctuation in the number density
[80], the present system displays a high chemical contrast between
the matrix (dilute Y, Ti and O concentration) and the nano-oxides
(high concentration of Y, Ti and O), which tends to tighten the
number density results between different operators. Thus, the dis-
crepancy between APT and SAS number density is far too high to
be only related to measurements uncertainties. This implies a sig-
nificant evolution of the chemistry and | or structure of the nano-
oxides between the as-MA and ~1000°C stages.

The matrix and bulk chemical composition extracted from APT
- not affected by reconstruction artefacts - evidence an increase
of the proportion of atoms in the nano-oxides (area between the
two curves Fig. 12), first for Ti (between as-MA and 700°C) and
then Y (between 900°C and 1100°C). This sequential composition
evolution (Ti first, and Y afterwards) is consistent with the char-
acteristic diffusion lengths along the thermal treatment (shown in
supplementary material). It also implies an initial enrichment of
clusters’ chemical composition in Ti.

The behavior of Al during the nano-oxide precipitation se-
quence was also observed for the first time to our knowledge, even
if other studies demonstrate the presence of Al in nano-oxides af-
ter consolidation [74,78,81]. In particular, Seol et al. discussed the
formation mechanism of coarse (> 4 nm) core shell structures
formed by an Al rich shell surrounding Y-Ti-O rich core observed
by APT [74]. Al impurities are introduced by the MA process but is
also an impurity present in the atomized powder and then is likely
to be present in the majority of ODS steel grades of the literature.
Y-Al rich oxides (like YAIOs3, Y4Al;09 or Y3Al504;) have lower en-
thalpy of formation [74] and are then predominant over Y-Ti-O ox-
ides formation, as found experimentally by Kasada et al. [82]. How-
ever, the hypothesis that a high amount of Y-Al-O stoichiometric
oxides are able to form is unlikely in our study due to the very
low Al content of the steel, and as a matter of fact no Al-rich ox-
ides were observed by APT in the 1100°C - 1 h condition. Nano-
oxides observed between 700°C and 1100°C are then more likely
to be non-stoichiometric precipitates containing a small amount
of Al. However, the decrease of the Al content in the nano-oxides
with ageing times suggests the presence of coarser Al-Y rich ox-
ides to which the Al initially present in the clusters could migrate.
Several studies where Al was willfully introduced to increase the
corrosion resistance [83,84], found that Al containing nano-oxides
have a higher tendency to coarsen at high temperature than Y-Ti-
0 [66,85,82,47]. Therefore, the Al behavior observed in this study
could have an influence on the precipitation kinetics, which would
require a specific study to confirm.

When trying to reconcile the number densities of clusters ob-
tained by SAS and by APT, which are very different from the as-MA
stage up to roughly 1000°C (Fig. 11), several effects can be consid-
ered (alone or in combination) as biases from our initial hypothesis
of Y,Ti, O pyrochlore precipitates:
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i. presence of solvent Fe and/or Cr in the clusters;
ii. change of stoichiometry between the solutes Y, Ti and O;
iii. change of atomic volume due to a different structure or to the
presence of vacancies.

The analysis of hypothesis -i- is complex: an enrichment of the
clusters in Fe would result in an increase of both SAXS and SANS
number density of clusters (as it would reduce the electronic and
nuclear contrast). An enrichment in Cr would result in the increase
of SAXS number density but a decrease of SANS number density,
reducing the gap between SAXS and SANS but increasing the gap
between SAS and APT. Therefore, even if the presence of Fe and
Cr cannot be completely ruled out, it can clearly not explain the
discrepancy between APT and SAS. The hypothesis -ii- is favorable
to an enrichment of light elements in the clusters (O and Ti) that
lower the SAS number density of clusters, up to a certain extent in
accordance with anomalous SAXS at the Y K-edge and Ti K-edge.
The hypothesis -iii- can lead to a significant reduction of the SAS
number density of clusters by increasing the atomic volume of the
clusters (i.e. assuming a structural modification and presence of va-
cancies in the clusters).

A combination of the hypothesis -ii- and -iii- would there-
fore contribute to reduce the gap between APT and SAS number
density of nano-oxides. However, fitting the two number densi-
ties was found impossible without introducing an unrealistic (too
high) density of vacancies in the nano-oxides below ~800 °C. This
discrepancy could finally arise from the chosen SAS interpretation
model, consisting in a lognormal distribution of spheres. Indeed, in
the first stages of clustering, such a model does not describe the
microstructure realistically. Another model could be used, describ-
ing the microstructure as spatial chemical fluctuations instead of
spherical precipitates [86,87]. This model is probably more adapted
to the description of these early stages of precipitation. However,
this model does not allow extracting the number density of clus-
ters, and therefore the comparison performed between APT and
SAS data should also be revised.

4.14. Nature and stability of the nano-oxides during 1100 °C
isothermal holding

The nano-oxides display an outstanding resistance to coarsen-
ing at 1100°C, even after 12 h of isothermal holding, without a no-
ticeable increase of mean radius, as shown in Fig. 5. The stabiliza-
tion of the nano-oxides into a near-stoichiometric and structured
compound can be expected to play an important role in this stabi-
lization. Indeed, the mean radius tends to stabilize just before the
end of the heating ramp around 1000 °C, simultaneously with the
nano-oxides stoichiometry and structural stabilization, as demon-
strated previously (Fig. 6, Fig. 9a and Fig. 11).

At 1100°C, anomalous SAXS measurements at the Ti K-edge, re-
alized for the first time to our knowledge in the present study,
allow to determine that the majority of nano-oxides are near-
stoichiometric Y,Ti,O; pyrochlore (also containing a small amount
of Al as indicated by APT). After 1 h of isothermal holding at this
temperature, the evolution of the Ti anomalous factor indicates
the simultaneous presence of Y,Ti,O; and Y,TiOs nano-oxides in
similar volume fraction. After 12 h of annealing time, the Ti ex-
perimental anomalous factor is just below the Y,TiOs theoretical
factor. This shift from the theoretical value, can be due to exper-
imental uncertainty or some bias from stoichiometry within the
Y,TiOs phase (it could be explained by a Y,Tig9Os composition
of the oxides). This phase transformation of the nano-oxides from
Y,Ti, O to Y,TiOs is in good agreement with the findings of Kim
et al. who observed by XRD the appearance of Y,TiOs orthorhom-
bic phase after 4 h of annealing at 1150 °C with an increasing vol-
ume fraction with annealing time [23]. It should be noted however
that, as only one specimen has been measured after 12 h of an-
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nealing, the repeatability of this result is not ensured and would
therefore require further experiments to be fully confirmed. Due
to some measurements limitation (uncertainty on the porosity and
lack of incorporation of the incoherent scattering) and closeness of
the Y,Ti;O; and Y,TiOs contrast ratios, The SAXS over SANS (nu-
clear) contrast ratio has not been found relevant enough to be able
to discriminate between Y,Ti;0; and Y,TiOs.

The Ti anomalous factor of the HE material matches with that
of the CP material after 1100°C - 1 h ageing following a 30 °C/min
ramp (Fig. 6b). This consistency can be attributed to the similar
thermal treatment applied to the CP and the HE specimens (for
the latter, heating ramp at around 40°C/min, ~45 min of isother-
mal at 1100°C followed by final heating of 1 h at 1050°C). The
HIP anomalous factor is consistent with the CP material aged at
1100°C - 12 h, but slightly higher, matching with the Y,TiOs the-
oretical anomalous factor. This similarity can arise from the longer
time spent by HIP specimens at high temperature (following a
~5°C/min heating followed by 2 h at 1100°C before a slow cool-
ing at ~5°C/min). This longer annealing could therefore represent
enough time to complete the Y,Ti;O; — Y,TiOs phase transfor-
mation of the nano-oxides, like in the 12 h annealed CP material.
It can be observed however that Oono et al. do not detect Y,TiOg
after 4 h of isothermal treatment at 1150 °C [24]. This phase trans-
formation of the nano-oxides with annealing time is then certainly
a common trend but could appear at different rates depending on
the ODS steel design (such as differences in chemical composition
in Ti or minor alloying elements that are known to precipitate with
Ti) and the fabrication process.

The matrix composition measured by APT is very stable from
1100°C to 1100°C - 1 h, which implies that no Y enrichment of
the nano-oxides occurs in this time range. Unfortunately, no APT
data at 12 h is available, however the transformation of the nano-
oxides from Y,TiO; to Y,TiOs should result in the nano-oxides
enrichment in Y and O coming from the solid solution or a release
of Ti contained in the nano-oxides through the matrix, coarse pre-
cipitates, or GBs. Ti enrichment at GBs has been observed in this
study and in other studies [74,88]. It is important to note that the
nano-oxides phase transformation does not affect the coarsening
rate, which remains extremely low as demonstrated by the SAXS
analysis.

At the end of the thermal treatment (1100°C - 1 h), the Y in
solid solution is measured by APT around 0.03 at%, which is much
higher than the solubility limit at room temperature but in good
agreement with the solubility limit at 1100 °C. Indeed, according to
Farkas et al. this solubility limit is 0.075 at% at 1320°C [89] and
0.011 at% at 800°C according to Epstein [90]. In the literature sev-
eral studies also display a similar composition of Y in the matrix
of similar ODS steels, determined by APT [25,91,92]. This Y matrix
composition can thus be explained by the fast cooling of the CP
and HE specimens.

The HIP specimens followed however a slow cooling
(~5°C/min), and even if the APT matrix composition of this
specimen is not available, the Apg, x fy value is higher, which
can be translated - at a constant nano-oxide nature - into
a higher volume fraction of nano-oxides. This f, increment
can thus be related to the (full or partial) precipitation of
the 0.03 at% Y remaining in solid solution at high tempera-
ture. Indeed, the calculation of the volume fraction increase
induced by the precipitation of the residual 0.03 at% Y is con-
sistent with the volume fraction measured by SAXS on the HIP
material.

In order to give a global overview of the key points dis-
cussed previously, a scheme describing the precipitation evolution
in terms of kinetics, chemical and structural evolution of the nano-
oxides from the as-MA to consolidated stages is represented in
Fig. 14.
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Fig. 14. Scheme outlining the major chemical and structural evolution of the nano-oxides identified throughout the thermal treatment of ODS steels fabrication process.

5. Conclusion

A multi-technique characterization of the evolution of the
chemical and structural characteristics of the nano-oxides through-
out the consolidation process of ODS ferritic steel has been per-
formed. Thanks to comparisons between all the techniques used,
several key features have been established:

(i) Small sub-nanometric clusters are present at the as-MA stage,
containing not only Y and O but also Ti (probably in lesser ex-
tent).

(ii) The as-MA clusters start growing at ~450°C, and then their vol-
ume fraction increases along with some further nucleation.

(iii) The nano-oxides become enriched in Ti and Al between as-MA
and 700°C and then in Y between 900°C and 1100 °C. This two
steps diffusion (Al and Ti and then Y) is consistent with the
diffusion coefficient of those elements.

(iv) The stoichiometry and structure of the nano-oxides stabilizes
around 1000°C to reach a majority of Y,Ti,O; pyrochlore phase
measured at 1100 °C.

(v) The nano-oxides transform from a majority of Y,Ti;O; to a
nearly equal volume fraction of Y,Ti,O; and Y,TiOs after 1 h of
isothermal at 1100 °C. This isothermal holding time also seems
sufficient to achieve the migration of the Al out of the nano-
oxides.

(vi) Y,Ti,O; transforms fully into Y,TiOs after a long annealing
time (12 h) at 1100°C. This transformation however induces no
increase of the coarsening rate of the nano-oxides, suggesting
that both oxide phases (Y,Ti;O; and Y,TiOs) are extremely sta-
ble.
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